We investigated the dissolution and morphological dynamics of air bubbles in alkanes stabilized by fluorinated colloidal clay particles when subjected to temperature changes. A quasi-steady model for bubble dissolution with time-dependent temperature reveals that increasing the temperature enhances the bubble dissolution rate in alkanes, opposite to the behavior in water, due to the differing trends in gas solubility. Experimental results for uncoated air bubbles in decane and hexadecane confirm this prediction. Clay-coated bubbles in decane and hexadecane are shown to be stable in air-saturated oil at constant temperature, where dissolution is driven mainly by the Laplace pressure. When the temperature increases from ambient, the particle-coated bubbles are prone to dissolution as the oil phase becomes under-saturated. The interfacial layer of particles is observed to undergo buckling and crumpling, without shedding of clay particles. Increasing the concentration of particles is shown to enhance the bubble stability by providing a higher resistance to dissolution and buckling. When subjected to complex temperature cycles, the claycoated bubbles can remain stable in conditions for which uncoated bubbles dissolve completely.
Introduction
Foams used in the food 1 , pharmaceutical, and cosmetic industries are typically based on an aqueous continuous phase. Oil foams are less common but can be problematic, for instance in lubricating oils when used in engines or gearboxes 2 . Because foams are thermodynamically unstable, they tend to age quickly and are destabilized by a combination of liquid drainage, gas disproportionation and coalescence 3 . Foam stability can be achieved by utilizing surfactants, proteins, or colloidal particles.
Particle-stabilized bubbles can be much more stable than surfactant-or protein-stabilized bubbles, and the stability can last up to several months compared to only a few hours with proteins 1 .
Particles provide stabilization through adsorption onto the gas-liquid interface, in analogy to surfactant molecules. However, particle adsorption can often be considered to be irreversible, as the free energy of desorption, ∆ 1 | cos | can be of the order of 10 10 , much higher than that of surfactants 3, 4, 5 . Here, is the air-liquid surface tension, is the radius of the particles, assumed to be spherical, is the contact angle the particle makes with the air-liquid interface, and the thermal energy. In addition, particles can form a densely packed layer on the interface, which acts as a strong colloidal armor 6 that can reduce gas permeation and prevent coalescence. For aqueous foams, it is well understood that parameters such as particle shape, surface charge and bulk concentration also influence the performance of colloidal particles in foam stabilization. A higher bulk concentration of particles has been shown to provide greater stability 6, 7, 8 , because an increased number of particles adsorb onto the interface, consequently resulting in a denser packing of the particles. This dense packing acts as a shield preventing bubble coalescence and disproportionation.
Oil foams stabilized solely by particles were reported relatively recently 9, 10, 11, 12 . Since the surface tension of the oil-air interface is much lower than that of the air-water interface, particles of lower surface energy than conventional hydrocarbon-coated ones are required for adsorption. The first studies utilized either micron-sized oligotetrafluoroethylene 9 or polytetrafluoroethylene particles 10 . Stable oil foams were formed for oils with surface tension in the range 30-45 mN m -1 , and contact angles ranging between 40° to 90° (measured through the oil phase). Increasing the bulk concentration of particles led to more adsorption on the air bubbles, resulting in improved foamability and stability, in keeping with observations for aqueous foams. Studies of the effect of the contact angle using fluorinated silica nanoparticles have confirmed that oil foams are only formed for low values of the cosine of the contact angle 11 . Recently, fluorinated clay platelet particles were also
shown to stabilize a range of oil foams 12 . The oleophobicity of the particles was controlled by varying the amount of perfluoroalkyl phosphate diethanolamine salt coating on the particles. Foams were 3/21 formed for oils with sufficiently high surface tension ( > 22 mN m ), including decane and hexadecane.
The effect of changes in temperature on the lifetime and durability of particle-stabilized foams has received limited attention so far, despite its importance for storage conditions of food and personal care products, and for oilfield applications, where foams need to remain stable at high temperature and pressure. A study on the effect of high temperature on surfactant-stabilized aqueous foams for enhanced oil recovery 13 has shown that foam stability is reduced. A comparison between the use of surfactant only (sodium dodecyl sulfate, SDS), and surfactant in combination with particles (partially hydrophobic silica nanoparticles) revealed that the addition of nanoparticles prevents foam collapse at high temperatures. The gas transport mechanisms occurring at the microscale and at the single bubble level were investigated recently for bubbles in water stabilized by polystyrene microspheres 14 .
It was found that a reduction in temperature enhances the dissolution of particle-stabilized air bubbles in water, which otherwise remain stable at fixed temperature. It was shown that the enhanced bubble dissolution is due to the increase in gas solubility in water with decreasing temperature, which causes the continuous phase to become under-saturated and hence drives bubble dissolution. To date, the effect of changes in temperature on the stability of particle-coated bubbles in oil has not been investigated.
In this paper, we study the effect of an increase in temperature on the stability of microbubbles stabilized by fluorinated clay particles in alkanes. We compare results for clay-coated bubbles with those for uncoated bubbles to establish the effect of the particle coating. A model for uncoated-bubble dissolution in a time-dependent temperature field 14 is used to guide the interpretation of the experimental results. We explore the effect of alkane chain length, bulk concentration of particles, rate of change of temperature and complex heating-cooling cycles on bubble stability, with the goal of identifying conditions for stability in varying temperature conditions.
Theory
Bubble dissolution with time-dependent temperature. We first review the theory of bubble dissolution at constant temperature 15, 16, 17 and with time-dependent temperature 14 . The dissolution of gases in liquids is governed, at low concentration, by Henry's law which states that the equilibrium concentration of dissolved gas in the liquid is proportional to the partial pressure of gas in contact with the liquid 17 : ,
where is the saturation concentration of dissolved gas at the liquid-gas interface, is the partial pressure of the gas and is the molecular weight of the gas. Henry's constant, , depends on the nature of the gas and the liquid and on the temperature, T. where is the concentration of dissolved gas in the liquid:
Here is the diffusion coefficient of the gas in the liquid and is the universal gas constant. It can be seen that in an under-saturated solution ( 1), a bubble shrinks, whereas in a super-saturated solution ( 1), the gas will diffuse from the bulk liquid into the bubble leading to bubble growth.
For bubbles of sufficiently small radius , the gas pressure inside the bubble can be significantly higher than the ambient pressure, due to the Laplace pressure Δ such that ,
where is the interfacial tension between the gas and the liquid. The concentration of dissolved gas at the bubble interface is therefore higher than the concentration of dissolved gas in the bulk liquid.
The rate of change in bubble radius can be modified to account for this effect 16 :
Equation 4 shows that, for sufficiently small bubble radius that the Laplace pressure is significant 14 , the direction of gas diffusion is also dependent on the ratio between the Laplace pressure and the ambient pressure. Small bubbles with sufficiently large Laplace pressure will dissolve even in a super-
Changes in temperature can influence the dynamics of bubble dissolution. Equation 4 was modified, in the quasi-steady limit, to account for a time-dependent temperature 14 :
The diffusion coefficient , Henry's constant, , and the surface tension, , all depend on temperature. For air bubbles in water, it was found that the rate of dissolution increases upon a 
gives the temperature dependence of the diffusion coefficient, , through the temperature dependence of the dynamic viscosity, . The following correlations give the temperature dependence of the physicochemical properties of alkanes 19, 20, 21, 22, 23, 24 : ,
,
. (9) The values of the coefficients for the dynamic viscosity, for the surface tension and for Henry's constant ( = 0-3) are given in Table 1 . The correlations for the temperature dependence of the properties of water were summarized in previous work 14 . , again leading to faster dissolution in decane than hexadecane. It is also clearly seen that bubble dissolution in water at constant temperature is much slower than in alkanes, primarily because the solubility of nitrogen in water is one order of magnitude lower than in the two alkanes ( 6 10 mol m Pa ). Figure 1(b) shows the temperature dependence of Henry's constants for water, decane and hexadecane, normalized by the value at 300 K, 300 K . Interestingly, Henry's constant for alkanes shows the opposite trend with changing temperature than for water, that is, the solubility of nitrogen in water decreases with increasing temperature, whereas it increases with increasing temperature for decane and hexadecane. In contrast, surface tension and viscosity have the same qualitative behavior for all three solvents (not shown).
The effect on bubble dissolution of the change in solubility with temperature is shown in Figure 1 (c). The bubbles are subject to a heating rate 5 K min from an initial temperature 300 K to a final temperature 320 K. Because of the opposite trend of in water and alkanes, the model predicts that the bubble will grow in water and dissolve in decane or hexadecane.
The predicted behavior for water is consistent with previous experimental observations that bubble dissolution in water is enhanced by cooling 14 , because cooling increases the gas solubility and hence induces under-saturation. Conversely, heating decreases the gas solubility and induces supersaturation, leading to bubble growth in water. In alkanes, dissolution is faster compared with the case at constant temperature of Figure 1 To confirm the hypothesis that enhanced bubble dissolution in alkanes upon heating is caused by the increase in gas solubility, equation 5 can be solved allowing only one physicochemical property to vary with temperature, while the others remain constant. Figure 1(d) shows the results of this comparison for hexadecane. It can be seen that, with increasing temperature, both the increase in Henry's constant, , and the increase in mass diffusivity, , lead to enhanced bubble dissolution.
On the other hand, the surface tension decreases and hence the Laplace pressure is reduced, resulting 8/21 in slower dissolution. A comparison with the prediction that includes the temperature dependence of all parameters suggests that the increase in gas solubility with temperature has the largest influence on enhancing bubble dissolution.
We also checked the effect of an elevated, constant temperature 320 K on bubble dissolution in alkanes (not shown). Because of the higher gas solubility, bubble dissolution is faster at a constant temperature 320 K than at a constant temperature 300 K, assuming a saturation 1 in both cases. However, the case of an increase in temperature is the one that leads to the fastest dissolution, because in this case the saturation decreases to 1. When the temperature of an initially saturated solution of hexadecane ( 1) at 300 K is increased by Δ 20 K, the saturation ratio becomes 0.95.
Experimental Section
Particle-stabilized bubbles in alkanes. Fluorinated platelet sericite clay particles (PF-12) were used to stabilize air bubbles in alkanes constant is therefore 10 s. Due to the comparatively long timescales of the experiments ( 10 s), the effects of transient heat transfer can be considered to be negligible.
Image analysis. The radius of uncoated, spherical bubbles was tracked using image analysis routines in Matlab (MathWorks, Natick, MA, USA). The function edge with the Sobel method was used to identify the pixels on the edge of the bubble. The measured area of the circle enclosed by the edge was then converted into bubble radius . For particle-stabilized bubbles, the shape during dissolution can deviate significantly from spherical. In this case, the temporal evolution of the bubble size was quantified only where deviations from spherical shape remained reasonably small. The edge was smoothened by first dilating (imdilate) and then thinning (bwmorph). The edges of small objects, such as impurities, were then filtered out using the function bwareaopen. The area enclosed by the edge was converted into an effective radius , that is, the radius of a circle with the same area .
Results and Discussion
We first discuss the dissolution behavior of uncoated air bubbles in either decane or hexadecane at constant temperature and following an increase in temperature. This is followed by a discussion of the stability of particle-coated bubbles at constant temperature and following changes in temperature, including complex temperature cycles.
Effect of alkane chain length on dissolution rate of uncoated bubbles. First we compare the dissolution behavior of uncoated bubbles in decane and hexadecane at constant temperature 300 K in saturation conditions, 1. the other with a rapid increase in temperature from 300 K to 320 K at a heating rate 5 K/min. The initial radii of the two bubbles are 140 μm. Long-term stability of particle-coated bubbles in alkanes at constant temperature. In contrast to uncoated bubbles, clay particle-coated bubbles are found to be stable at constant temperature 300 K in decane and hexadecane. Figures 3(a-b) show a comparison of the time evolution of the radius of uncoated and clay-coated bubbles in the two alkanes. The particle-coated bubbles are prepared from a 3% w/v clay dispersion in alkane and have initial radii 140 μm and 120 μm in decane and hexadecane, respectively, similar to the initial radii of the uncoated bubbles.
It can be seen that there is no observable reduction in radius of clay-coated bubbles in decane over a time 25,000 s ~7 hrs (Figure 3(a) ) or in hexadecane over a time 21,600 s 6 hrs ( Figure   3 The morphology of the clay-coated bubbles in both alkanes also remained unchanged, as shown by the image sequences in Figure 3(c) . A close examination of a single bubble (Figure 3(d) ) revealed that the clay particles form a densely packed layer on the bubble surface with very high surface coverage. It was not possible to quantify the surface coverage from the optical microscopy images however. The stability imparted by the clay particles can be attributed to a reduction in the gas-liquid interfacial area available for diffusion 29 , a reduction in Laplace pressure 30, 31 , the elasticity of the particle monolayer 32 , or a combination of these effects. Stability of clay-coated bubbles in alkanes upon heating. We explored the effect of heating on the stability of clay-coated bubbles. We compared the behavior of bubbles in decane and in hexadecane, the effect of surface coverage by clay particles and the effect of the heating rate. Surface coverage was controlled indirectly through the bulk concentration of clay in the alkane dispersion used to prepare the bubbles but could not be quantified directly. Figures 4(a-b) show image sequences of 13/21 clay-coated bubbles made from 1% w/v dispersions in decane (Figure 4(a) ) and hexadecane ( Figure   4 (b)) respectively, and heated at a rate 5 from an initial temperature 300 with 20 . Gas diffuses out of the bubbles leading to a decrease in volume. The layer of particles behaves as a solid-like film and crumples upon area compression, without any apparent shedding of particles, in contrast to latex-stabilized air bubbles dissolving in water upon cooling 14 or undergoing compression by other mechanisms 33, 34 . We checked the effect of the rate of area compression on this mechanical instability of the particle layer by changing the heating rate. Figure 4(c) shows an image sequence of a bubble made from a 1% w/v dispersion in hexadecane heated at a rate 1
(initial temperature 300 , 20 ). The dissolution behavior is similar to the one observed for 5 ( Figure 4(b) ).
Next we consider the effect of surface coverage by particles. To confirm the above hypothesis, we subjected the system to a heating-cooling cycle for three different surface coverages. Figure 5 shows the morphological evolution of bubbles prepared from 1% w/v ( Figure 5(a) ), 3% w/v ( Figure 5(b) ), and 6% w/v dispersions in hexadecane ( Figure 5(c) ).
Initially the bubbles were briefly subjected to cooling below ambient temperature ( 302 K, 290 K, Δ 10 K) to cause them to expand slightly and start the experiment from a spherical shape. The system was then heated (Δ 30 K, i.e. 20 K), after which the temperature was held constant for 8 hours and the dynamics of bubble dissolution was observed. The bubbles remained spherical until the temperature reached ambient temperature. As the temperature was increased further, the saturation ratio decreased to 1 and the bubbles started to dissolve, leading to buckling and crumpling of the particle layer. After 8 hours, the system was cooled back to ambient temperature = 302 K (Δ 20 K) to check for any gas retention within the bubble, as bubbles are expected to grow upon cooling. As can be seen in Figures 5(b-c) , gas was retained within the crumpled clay shell for higher surface coverage (corresponding to 3% w/v and 6% w/v clay in dispersion). No re-expansion was observed for lower surface coverage (1% w/v clay in dispersion)
indicating the absence of any retained gas at the end of the heating stage. The local retention of gas can be ascribed to a non-uniform surface coverage by particles, with the threshold in surface coverage 14/21 for gas retention being overcome only for sufficiently large initial coverage. Hydrophobic clay platelets can also form multilayers due to their cohesive (van der Waals) interactions, possibly creating a layer that is impermeable to gas diffusion. Effect of temperature cycling on stability of clay-coated bubbles. We further investigated the stability of clay-coated bubbles upon periodic temperature cycling. We subjected bubbles prepared from a 1% w/v dispersion in hexadecane to temperature fluctuations of constant amplitude Δ 5 K around ambient temperature 297 K. Figure 6 (a) shows the morphology of a bubble with an initial radius 90 μm at ambient temperature when it is heated and cooled for three cycles.
The bubble undergoes growth and dissolution cycles as the temperature fluctuates. The bubble surface deforms upon heating but recovers its spherical shape upon cooling. The deviation from spherical shape is sufficiently small that an effective radius can be extracted from the projected area. One might expect the change from bubble dissolution to growth or from growth to dissolution (that is, the change in sign of ), to occur for 1. However, the rate of cooling, , changes from negative to positive half way through the time intervals during which 1, and from positive to negative half way through the time intervals during which 1. The interplay between the first term in equation (5), which depends on , and the second term, which depends on , is likely to cause the observed phase difference between and . The reduction in the amplitude of fluctuations of the radius may be attributed to changes in the morphology and mechanical properties of the particle layer upon To gain further insight on the stability of clay-coated bubbles in alkanes under varying environmental conditions, the dissolution behavior of uncoated and coated bubbles was compared when subjected to more complex temperature cycling. To maintain a spherical shape of the coated bubbles throughout the experiment, the maximum temperature was set to a constant value 1 K 300 K, while the minimum temperature was decreased in each cycle. In the first cycle, the temperature was first decreased to 1 K, and then increased back to 16/21 (∆ 2 K). The temperature was then varied between 300 K and ∆ , with Δ 3 K, 4 K, 5 K, 6 K. All the heating/cooling rates are 0.5 K min . The resulting temperature profile is shown in Figure 7 . The temperature profile is designed so that the temperature is below 299 K, and therefore 1, for most of the time, which should minimize long-term bubble dissolution. . The phase shift between and observed in Figure 6 (b) is also observed in Figures 7(a-b) . The fact that the phase shift is observed for uncoated bubbles confirms that it is not an effect of the particle layer. The fact that it is captured by the model suggests that it is not an effect of limitations in the experiment, but rather of the interplay between the first and second term in equation (5), which depend on / and , respectively, and which change sign at different times during the cycle. In contrast to an uncoated bubble, a clay-stabilized bubble prepared from a 1% w/v dispersion in hexadecane and subjected to the same temperature profile remained remarkably stable as shown in Figures 7(c-d) , even though its initial radius ( 73 μm) was smaller than that of the uncoated bubble. The bubble underwent periodic shrinkage and expansion cycles, similar to the case of constant amplitude reported in Figure   6 , with a slight increase in average radius. Because of the initially low dissolution rate, there is negligible reduction in bubble radius and the Laplace pressure remains relatively constant.
Remarkably, the clay-particle coated bubble remains stable when subjected to a complex temperature profile for which an uncoated bubble dissolves completely.
Summary and Conclusions
We studied the stability of air bubbles in alkanes with or without a coating of fluorinated clay particles. Unlike uncoated bubbles, clay-coated bubbles are stable against dissolution at constant temperature, where dissolution is driven mainly by the Laplace pressure. The coating of particles can minimize the effect of the Laplace pressure through a reduction in the surface tension of the gasliquid interface, and through the elasticity of the particle monolayer. Investigations on the effect of temperature on the dissolution dynamics reveals that particle-coated bubbles are prone to dissolution and buckling when the temperature is increased. A model for bubble dissolution with time-dependent temperature suggests that the increase in Henry's constant, which leads to an under-saturated solution, is the governing factor for driving bubble instability. The coating of particles is therefore not sufficient to ensure stability against dissolution, because dissolution is not driven by the Laplace pressure but by under-saturation. When a clay-coated bubble is subjected to a step increase in 18/21 temperature, the dense packing of the particle layer can temporarily slow down the dissolution rate in the short-term, but the bubble is prone to further buckling in the long-term. Particle shedding is not observed, likely because van der Waals attraction is dominant between the fluorinated clay platelets.
By increasing the particle concentration, the packing density at the interface increases and this provides higher resistance to buckling even when exposed to an under-saturated oil phase. The stability of clay-coated bubbles is also retained when subjected to complex temperature cycles, during which the bubbles recover their spherical shape upon cooling. This work shows the potential for using such ultra-stable clay-coated bubbles in applications where foam stability in varying environmental conditions is a requirement.
